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Abstract: 5,6-Disubstituted phenanthridinium cations have 
a range of redox, fluorescence and biological properties. 
Some properties rely on phenanthridiniums intercalating 
into DNA, but the use of these cations as exomarkers for the 
reactive oxygen species (ROS), superoxide, and as inhibitors 
of acetylcholine esterase (AChE) do not require intercalation. 
A versatile modular synthesis of 5,6-disubstituted phenan- 
thridiniums that introduces diversity by Suzuki-Miyaura cou- 
pling, imine formation and microwave-assisted cyclisation is 



presented. Computational modelling at the density function- 
al theory (DFT) level reveals that the novel displacement of 
the aryl halide by an acyclic A/-alkylimine proceeds by an 
S^Ar mechanism rather than electrocyclisation. It is found 
that the displacement of halide is concerted and there is no 
stable Meisenheimer intermediate, provided the calculations 
consistently use a polarisable solvent model and a diffuse 
basis set. 



Introduction 

5,6-Disubstituted phenanthridinium salts have found wide utili- 
ty as fluorescent dyes for DNA,"' as sensors'^' and as potential 
therapeutics,'^' including for the treatment of trypanosomal in- 
fections.''" The planar phenanthridinium cation can intercalate 
into duplex nucleic acids,"'^ ''' particularly if it has 3- and/or 8- 
amino groups."' The fluorescence of the 3,8-diamino-6-aryl de- 
rivatives, such as ethidium bromide (1) and propidium iodide 
(2), is hugely enhanced upon intercalation, and both the 
amino groups and the 6-aryl substituent contribute significant- 
ly to this effect (Figure 1).™ As a result, in spite of its toxicity, 
1 is widely used in molecular biology laboratories to detect 
DNA on agarose gels following electrophoresis,"' and its dis- 
placement from DNA is often used to assess the binding of 
novel ligands to DNA.'"" Propidium iodide is also a valuable 
DNA stain employed in flow cytometry and histochemistry."" 
More efficient visualisation of RNA can be achieved by linking 
a second fluorophore to the 5,6-disubstituted phenanthridini- 
um."^' Incorporation of phenanthridinium cations into DNA has 
enabled the study of its redox properties and electron-transfer 
processes within its double helix."^' 
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R2 

1 = Et, = H 4 Ri = Et 

2 R^ = {CH2)3^Et2Me, R^ = H 5 R^ = (CH2)3^Et2Me 

3 R^ = Et, r2 = OH 6 r1 = (CH2)6*^Ph3 



Figure 1. Important phenanthridinium cations 1-3 (counterion unimportant) 
and phenanthridines 4-6 (substituent numbering and our designation of 
rings are shown). 



Phenanthridiniums can inhibit enzymes in ways that are not 
related to their intercalation into DNA, which would represent 
an undesirable off-target effect. The most important example 
is the allosteric inhibition of acetylcholine esterase (AChE) by 2 
and other 5,6-disubstituted phenanthridiniums."'*''^' This allo- 
steric interaction has been exploited to demonstrate the 
enzyme-induced assembly of AChE inhibitors using in situ Click 
chemistry,"^' "^' and as a means of detecting AChE."" 

5,6-Disubstituted dihydrophenanthridines, which are easily 
prepared by reduction of the corresponding phenanthridini- 
ums, also have useful properties. They can be oxidised in vivo 
to the corresponding phenanthridiniums by reactive oxygen 
species (ROS).'" Such ROS are predominantly produced by re- 
duction of oxygen to superoxide in the mitochondria,"*" and 
underlie much of the damage in cardiovascular disease, stroke 
and neurodegeneration. They are also implicated in the pro- 
cess of ageing. The specificity of hydroethidine (4) oxidation 
by superoxide to give the hydroxyethidium cation (3) makes 
this reaction a relatively robust method for assessment of su- 
peroxide production in biological systems,'^ ''' and hydropropi- 
dine (5) provides a useful cell-impermeant analogue.'^"' A mito- 
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chondria-targeted version, MitoSOX (6), allows specific assess- 
ment of this ROS in mitochondria.'^^' Unfortunately, the detec- 
tion of the hydroxyethidium (3) to infer superoxide concentra- 
tions in biological experiments often relies on the enhanced 
fluorescence when the cation 3 binds to DNA, and this is com- 
plicated by the presence of other ethidium derivatives formed 
by different oxidative processes that produce similar emissions. 
More accurate quantification requires isolation and HPLC sepa- 
ration of the various phenanthridiniums'^' as so-called exo- 
markers.'^^' Here, the interaction with DNA can be problematic 
because it adversely affects extraction of the phenanthridini- 
ums from the biological medium and so makes quantification 
less reliable. Therefore, structures that allow the independent 
modulation of the redox, DNA intercalating and enzyme inter- 
action properties of this class of compounds would facilitate 
the rational design of biologically useful probe molecules. 

Herein, we present a highly versatile route to 5,6-disubstitut- 
ed phenanthridiniums so as to allow their properties to be 
tuned to a desired function, be it redox reactivity or interaction 
with DNA or enzymes. The key step is a novel cyclisation in 
which an acyclic A/-alkylimine displaces an aryl halide intramo- 
lecularly. We use DFT calculations to determine the mechanism 
of this reaction, distinguishing between electrocyclisation and 
SfjAr pathways. 

Results and Discussion 

A/-Alkylphenanthridinium cations (7) and A/-alkyl-dihydrophen- 
anthridines (8) bearing an alkyi or aryl substituent at C-6 can 
be interconverted by simple redox reactions. Two methods 
have almost invariably been used to construct these structures 
(retrosynthetic Scheme 1). The first is N-alkylation of the phen- 




Scheme 1. Retrosynthetic analysis of standard approaches to 5,6-disubstitut- 
ed phenanthridinium salts 7 and phenanthridines 8. 



anthridine 9, an often inefficient reaction suffering from the 
poor solubility of phenanthridines in many organic solvents 
and requiring powerful alkylating agents, such as alkyI tri- 
flates."*'"'"' The 6-substituted phenanthridine precursors 
needed for N-alkylation have been accessed by a wide range 
of methods.'"' The second approach involves nucleophilic 
attack on a phenanthridinium salt (10) with a carbanion.'^'" The 
phenanthridinium precursor 10, which lacks the C-6 substitu- 



ent, is also generally prepared by N-alkylation. Addition of sta- 
bilised carbanions to C-6 can be reversible, allowing intercon- 
version of non-fluorescent and fluorescent compounds 8 and 
10, respectively, '^^■^^' a property used by Cronin and co-workers 
in their design of pH sensors. '^'''"' Nucleophilic additions with 
Grignard reagents have worked well in the preparation of simi- 
lar dihydrobenzophenanthridines, which are used to make 
benzophenanthridinium salts.'"' 

There are some promising methods that give direct access 
to 5,6-disubstituted dihydrophenanthridines and do not in- 
volve the processes shown in Scheme 1. In particular, examples 
of C— H olefination-cyclisation'^^' Dotz benzannulation,'^"' and 
a Pictet-Spengler reaction of an A/-alkylaniline'^^' have been re- 
ported. A few benzophenanthridiniums have been prepared 
by cyclisation of A/-aryl-A/-alkyl-acetamides using POC\^,™ but 
the direct synthesis of 5,6-disubstituted phenanthridinium salts 
by this method is not know. 

We now present a general modular approach to 5,6-disubsti- 
tuted phenanthridiniums that does not involve N-alkylation. 
We reasoned that the central ring of the phenanthridinium 
cation could be assembled in a convergent way from an ortho- 
fluoroarylboronate (11), a primary amine (12) and an aromatic 
ketone (13) by Suzuki-Miyaura cross-coupling,'"' imine forma- 
tion and intramolecular nucleophilic aromatic substitution 
(Scheme 2). Aryl fluorides seemed the most suitable precursors 
as they react more quickly than other aryl halides in SfjAr reac- 
tions.'^"' 





Scheme 2. Retrosynthetic analysis of our convergent approach to 5,6-disub- 
stituted phenanthridinium salts 7 beginning from three components 11-13. 



IVIany ort/io-fluoroarylboron compounds are commercially 
available and they are also typically straightforward to assem- 
ble. For example, aryltrifluoroborate 17 was easily prepared 
from 4-fert-butyl-bromobenzene (14; Scheme 3). 

Nitration of aryl bromide 14 and reduction gave aniline de- 
rivative 15. Diazotisation in DCM and solvent exchange gave 
a toluene suspension of the aryltetrafluoroborate without iso- 



fBu— / \-Br 



I HNO3, H2SO4 



14 



(Bu^ VbfP 



) Fe, AcOH/EtOH, A 



(Bu^ \-Br 



15 86% NH2 



i) NOBF4, DCM 
ii) PhMe, A 



a) nBuLI, -77 °C 

b) B(0/Pr)3, -77 °C to RT 



17 64% F c) KHFj, MeOH/HjO 

Scheme 3. Synthesis of an orf/io-fluoroborate 17. 



fBu-/ "^Br 



16 72% F 
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lating the potentially explosive intermediate. This underwent 
the Balz-Schiemann reaction'^^' to give aryl fluoride 16 upon 
heating. Bromine-lithium exchange and borylation was fol- 
lowed by conversion to the aryltrifluoroborate 17,'^^' which is 
easy to isolate by crystallisation. Arylboron compounds 17-19 
were coupled with iodoarenes 20 to give biaryl compounds 21 
using the air- and moisture-stable palladium N-heterocyclic 
carbene catalyst PEPPSI-/Pr,'"' either under thermal or micro- 
wave conditions (Scheme 4 and Figure 2). IVlicrowave condi- 



O2N 



20 




3-5 mol% PEPPSI-;Pr 
/PraNEt, EtOH 
either 80 °C 
or nw 




X = F or CI 

Y = CH, CMe orN 



Scheme 4. Suzuki cross-coupling to form l<etones 21 . See Figure 2 for yields 
and conditions. 



tions were preferred for the more electron-poor arylboron 
compounds because side-products occurred under thermal 
conditions. Differences in yields mostly reflected the varying ef- 
ficiency of the purifications involved. The dinitro compound 
21 g was obtained by nitration of biaryl 21 e. 

Treating 2-arylbenzophenone (21 a) with hexylamine and ti- 
tanium tetrachloride produced imine 22a, which was isolated 
by chromatography in modest yield and was used to investi- 
gate the conditions for the proposed cyclisation (Scheme 5). 
Interestingly, the CHjN exhibited diastereotopicity indicating 
that the biaryl unit is not planar and there is restricted rotation 
about the C— C bond that links the two rings. Heating to 200 °C 
in nitrobenzene led to the formation of a 6-phenylphenanthri- 
dine, presumably by way of phenanthridinium formation and 
fluoride-induced elimination. Transferring the imine 22 a to 
a short-path distillation (Kugelrohr) apparatus in chloroform, 
distilling off the chloroform so that the neat sample could 
then be heated to 100°C for 1 h gave complete conversion 
from the imine 22a. This resulted in a mixture of compounds 
in which the A-ring fluoride had been substituted. Treatment 
with TFA then gave the desired phenanthridinium salt 23a in 
79% overall yield from the imine 22 a. Similar use of acid to 
prepare phenanthridinium salts from pseudo-bases (the neutral 
adduct of hydroxide attack on the A/-alkylimminium group) is 
well-known.'^"' Although this solventless procedure for the 
preparation of A/-alkylphenanthridinium salt 23a from imine 
22a was high yielding, it led to charring for other imines that 
solidified upon removal of the chloroform. A better procedure 
was to heat a solution of the imine in THF in the microwave at 
100 C for 2 h. The reaction was faster in acetonitrile, but this is 




^^N02 
21a 78% (78 °C, 4 h)t^l 
Ph 





-NO2 

21b 49% (78 °C, 16 h)!"! 
Ph 



21c 55% (78 °C, 22h)l''l 
Ph 





MeO 

21e 83% (78 °C, 22 h)!"' 



MeO 

21 g 72% (21 e + HNO3, ACjO) 




21f 99%(nw, 100 °C, 0.5 h)['=l 
O; 




21h 40% (nw, 125 °C, 20 min)t'=' "^1 




NO2 

21 i 56% iim. 125 °C, lOminf 




^^N02 
21j 53% (hw, 125 °C, 1 hfl 




_/^N02 
21k 66% (78 °C, 22 hfl 

Figure 2. Ketones 21 were prepared from: [a] aryltrifluoroborate 17, [b] the 
corresponding aryboronic acids 19, or [c] arylboronate ester 18 (yields and 
conditions in parenthesis), [d] Aryl bromide rather than aryl iodide was used 
as reactant. 



nHex 

7 equiv nHexNH2 
1 .5 equiv TICI4 

PhMe, 0 °C 

NO2 then RT 1 7 h 'Bu ''\JJ NO2 
21a 22a 54% (racemic) 

method of heating, temperature 
solvent or solvent-free? 






23a 



Scheme 5. IVlethod development for construction of the B-ring. 



more expensive and gave minor impurities so it was only used 
for less reactive imines. 
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R"* i) 4.5-8 equiv R^NHj 
TiCU, PhMe, RT 

i) THF or CH3CN, nw 

ii) HCI, EtjO 




r2 r3 

23 = nHex 

24 = cyclohexylmethyl 

25 r5 = (CH2)6N3 



Scheme 6. Exemplification of N-all<ylphenanthridiniunn synthesis. See 
Figure 3 for yields and conditions. 



We then explored the range of substrates that could be 
used in an optimised three-step procedure in which the crude 
imine is heated in the microwave after an aqueous work-up, 
and the product mixture is treated with ethereal HCI to form 
the closed phenanthridinium salts 23-25, which in many cases 
were isolated by simple precipitation (Scheme 6 and Figure 3). 

8-Nitrophenanthridiniums 23a-c were produced in good 
yields under these conditions. An electron-withdrawing group 
is not required for reaction and the simple 5,6-disubstituted 
phenanthridinium 23 d could be prepared in good yield using 
acetonitrile as solvent and a slightly higher temperature. How- 
ever, placing an electron-donating methoxy group para to the 
fluoride significantly impeded reaction even when the 8-nitro 
group was present, so that phenanthridinium 23 e was pro- 
duced in lower yield under all conditions (the best yield was 
obtained under the original solventless conditions with ex- 
tended heating). Introduction of a second electron-withdraw- 
ing nitro group gave rise to a dramatic acceleration and the 
second step was unnecessary for the preparation of 3,8-dinitro- 
phenanthridinium (23 f) in very high yield, because the cyclisa- 
tion occurred spontaneously during removal of the toluene on 
the rotary evaporator with modest heating. Unsurprisingly, the 
synthesis of phenanthridinium 23 g, which has an electron-do- 
nating methoxy group para to the fluoride, required heating. 
However, unlike the methoxyphenanthridinium 23 e without 
a 3-nitro group, reaction proceeded in good yield under the 
standard conditions in THF. The acetophenone derivative 21 h 
also cyclised spontaneously and was isolated in quantitative 
yield as the enamine 23 h following an alkaline wash. The 2,8- 
dinitrophenanthridinium 23 i and 4-aza-8-nitrophenanthridini- 
um 23j were also produced in high yield. Both formed more 
easily than phenanthridiniums 23a-c bearing only one nitro 
group, even though conversion of ketone 21 i to phenanthridi- 
nium 23 i involved displacement of a chloride rather than 
a fluoride. 

A 4-methyl group greatly impedes reaction, presumably be- 
cause of steric interactions, so that extensive microwave heat- 
ing in acetonitrile was required to prepare 2-methyl-8-nitro- 
phenanthridinium 23 k. Steric interactions were further investi- 
gated with the use of a more sterically hindered amine, cyclo- 
hexylmethylamine. The phenanthridinium 24a was isolated in 
good yield, but unlike phenanthridinium 23 a required the 
higher temperature conditions in acetonitrile. 

An azido group provides a way of introducing diversity 
through Click chemistry'^'"'"' and Staudinger ligation;'^^' as 




nHex Ph 

e'N=( ci^ 



23a 85% (THF, 100 °C, 2 h) 

nHex Ph „ 
©N^ CI© 




23c 100% (THF, 100 °C, 2 h) 

Ph Q 

CF3CO2 




MeO 

23e 47% (neat, 100-125 °C, 6 h)l^l 
nHex Ph 

O2N 
MeO 

23g74%{THF, 100 °C, 2 h) 

nHex Ph 

©N=< Cl^ 





O2N 

23i 86% (THF, 100 °C, 0.5 h) 




23k 79% (MeCN, 1 10 °C, 10 h) 
^^■^^=1^ CI© 

25d 78% (MeCN, 110 X, 1.5 h) 




23b 84% (THF, 100 °C, 2 h) 
Ph 




23d 68% (MeCN, 110 °C, 1.5 h) 



nHex Ph 

©'n= 



0,N 




nHex 



O2N 




23j98%(THF, 100 °C, 0.5 h) 
Ph 




24a 75% (MeCN, 1 10 °C, 1 .5 h) 
nHex Ph 




26c 85% from 23c 
(Fe, AcOH-EtOH, 2 h) 



Figure 3. Phenanthridinium salts 23-25 prepared from ketones 21 by imine 
formation and microwave irradiation according to Scheme 6 (yields and con- 
ditions in parenthesis) and phenanthridinium salt 26 c prepared by reduction 
of nitro compound 23c. [a] Prepared under thermal conditions [b] Second 
step unnecessary as spontaneous cyclisation occurred. 



such it is a useful tag in materials chemistry''"" and because it 
combines with alkynes under bioorthogonal conditions has 
found wide application in chemical biology.'^'''^' Indeed, a li- 
brary of 5,6-disubstituted phenanthridiniums bearing azido 
tags was used for the in situ generation of AChE inhibitors.'"^' 
Therefore, we demonstrated that the azido tag was straightfor- 
wardly introduced by our method. Thus, combining 6-azido- 
hex-1-ylamine with ketone 21 d gave phenanthridinium 25 d in 
good overall yield. 

The bromo group in phenanthridinium 23 c also gives a po- 
tential site for the introduction of diversity through cross-cou- 
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pling reactions, and so was chosen to exemplify access to the 
important 8-amino compounds. Reduction by iron in AcOH/ 
EtOH at 40 'C gave phenanthridinium 26c in good yield. 

Computational mechanistic study 

The nucleophilic substitution of aryl halides by pyridine deriva- 
tives is well known/''^'''" particularly for the preparation of 
Zincke salts™ {2,4-dinitrophenyl derivatives that have a variety 
of uses). However, similar reactions by cyclic A/-alkylimines are 
extremely rare'**' and such reactions by acyclic A/-alkylimines 
almost unprecedented (we found one example'*^'). The reac- 
tion is mechanistically interesting because cyclisation of, for ex- 
ample, imine 22d to give the corresponding Meisenheimer 
complex 27 d could occur either by electrocyclisation involving 
the C=N JT bond,'*''' or by the traditional S^Ar mechanism 
through nucleophilic attack on the aromatic ring by the nitro- 
gen lone pair (Scheme 7). The putative Meisenheimer complex 




nHex Ph 

e'N= 




Electrocycllzatlon 



22d 



Scheme 7. Two putative mechanisms for the formation of phenanthridinium 
salt 28d from N-all<ylimine 22d differing in the mode of cyclisation to give 
IMeisenheimer complex 27 d. 



27 d would then fragment to give the phenanthridinium fluo- 
ride 28 d, which would be a precursor to the chloride salt 23 d. 
Since the line of attack in the first step is different for the two 
mechanisms, we reasoned that they could be distinguished by 
calculating the structure of the transition state. 

We, therefore, embarked on a computational study at the 
DFT level (M06-2X/def2-TZVP +) to elucidate the mechanism of 
the cyclisation reaction, including structures and energies of 
possible intermediates and transition states. Staying close to 
the experimentally studied compounds, we considered the 
imines la-h as reactants (Scheme 8). The series covers a range 
of substitution patterns, which will allow us to analyse the in- 
fluence of substituent effects on the reaction. All computation- 
al results refer to reaction conditions of 7=383 K and P = 
320 kPa, corresponding to the conditions used in the cyclisa- 
tion of 22 d to 23 d. Unless noted otherwise, all calculations 
used a polarisable continuum solvent model of acetonitrile, 
which was calibrated for the reaction conditions. For compari- 
son, we also considered the reaction of la in vacuum. 

The cyclisation transition state, TS, could readily be located 
for all cases. Its structure is characteristic of an Si^Ar transition 
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H 
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NO2 


NO2 
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OMe 
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NO2 


h 


CI 


H 


H 


H 



ion pair 



iir + X- 

separated ions 



Scheme 8. Cyclisation reaction with transition state and intermediates as 
identified computationally. The Meisenheimer complex II is not a stable min- 
imum in IVIeCN solution. 




Figure 4. Optimised structure of the transition state TSa with NBOs involved 
in important donor-acceptor interactions, a) Donation of imine lone pair n^, 
into aryl jt*(C4a=C4) ; b) Donation of n„ into the C— F antibonding orbital, 
o*(C4a-F). 



State (Figure 4). As substituent and environment effects on the 
structure of TS are minor, we are using TSa as the type speci- 
men in the following discussion. The sp^ lone pair of the at- 
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tacking imine nitrogen (N5) points straight at tlie halogen- 
bearing aryl carbon (C4a), at an angle of 125 " to the aryl plane. 
The coordination geometry at C4a is clearly pyramidal, with 
the C— F bond out of the aryl plane by 36°. The C— F bond is 
lengthened from 1.35 A in the reactant la to 1.40 A in TSa. The 
C=C bonds adjacent to C4a are also lengthened slightly (from 
1.39 to 1.42 A), while the imine C=N bond remains practically 
unchanged (1.27 to 1.28 A). 

The characterisation of the cyclisation reaction as a nucleo- 
philic attack, rather than an electrocyclic process, was further 
corroborated through a natural bond orbital (NBO) analysis.™ 
In essence, NBOs are constructed such as to correspond opti- 
mally to a Lewis picture of localised (anti-)bonding orbitals and 
lone pairs (in contrast to the often highly delocalised canonical 
molecular orbitals). 

Figure 4 shows the imine lone pair together with the two 
principal empty orbitals it is interacting with. The lone pair do- 
nates substantial electron density (0.4 e) into the aryl antibond- 
ing orbital jT*(C4a=C4) and the C— F antibonding orbital 
o*(C4a— F). Both interactions are energetically highly favoura- 
ble, Afdeioc = — 519 and — 126kJmor\ respectively; the former 
exceeds the next smaller donor-acceptor interaction more 
than threefold. In contrast, the imine C=N jt and jt* orbitals 
have no significant interaction with any orbital on the halo- 
gen-bearing A-ring. The incipient C— N bond therefore arises 
principally from the interaction of the imine lone pair with the 
aryl jt* adjacent to the carbon, which is the signature of a clas- 
sic SfjAr attack. 

The free-energy barrier for the formation of the C— N bond is 
103 kJmor^ in the parent TSa (Table 1). The barriers show the 



Table 1. Gibbs free energies'"' relative to I along the reaction sequence 
shown in Scheme 8. Also given are the lengths of the forming (N5— C4a) 
and breaking (C4a— X) bonds in the transition state. 



AG[kJmor'] d* [A] 





TS 


III 


III + +X 


IV 


N5-C4a 


C4a-X 
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103 


-65 


-81 


-79 


1.85 


1.40 


b 


98 


-57 


-74 


-84 


1.88 


1.39 


c 


93 


-60 


-72 


-93 


1.87 


1.39 


d 


72 


-52 


-71 


-89 


1.96 


1.37 


e 


115 


-70 


-90 


-78 


1.84 


1.41 


f 


90 


-51 


-59 


-88 


1.88 


1.39 


g 


112 


-61 


-77 


-76 


1.87 


1.40 


h 


120 


-126 


-133 


[bl 


1.88 


1.87 


"vac 


112 


80™ 


440 


-80 


1.81 


1.39 



[a] Calculated at M06-2X/def2-TZVP + level in polarisable continuum 
MeCN (fv = 22.5) for 7"=383 K, P = 320 kPa. [b] The 6-chlorophenanthridine 
IVh is not a stable minimum, but dissociates into the ion pair lllh during 
structure optimisation, [c] Calculated in vacuum, [d] Energy of lla„„. In 
vacuum, the ion pair llla„„ is not stable, but collapses to lla„„. 



substituent effects expected for a nucleophilic mechanism, 
which is promoted by stabilising the developing partial nega- 
tive charge on the attacked moiety: electron-withdrawing sub- 
stituents lower the barrier (TSb, c, d, f), while donors increase 
it (TSe). The stabilising effect of the nitro substituent is stron- 
gest when it is para to the halogen (TSd, R' = N02) because of 
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direct conjugation to C4a. However, it is important to note the 
still significant stabilisation by the strong inductive effect of 
a meta nitro group (TSc, = In contrast, a nitro group 

on the C-ring provides less stabilisation even when it is formal- 
ly in conjugation with the same carbon atom (TSb, R^ = N02), 
because the A- and C-rings are not co-planar (the biphenyl tor- 
sion is —54° in the reactant la and reduces to —37° in TSa). 
For the cases considered, substituent effects on the barrier 
height are additive: the barriers for the disubstituted TSf and 
TSg are within 2 kJmor^ of the values predicted from the in- 
crements derived from the monosubstituted cases. 

The reactivity towards nucleophilic attack is significantly re- 
duced in the chloro compound (TSh) compared to the fluoro 
congener (TSa), again as expected for an S^Ar reaction. The 
more electronegative the leaving group, the more positive is 
the partial charge on the attacked carbon and the lower in 
energy is the acceptor a*cx orbital, which translates into higher 
reactivity. In la and Ih, the Hirshfeld charges on the halogen 
are -0.094 e (F) and -0.075 e (CI), while the charges on the 
carbon are 0.080 and 0.031 e, respectively. Similarly, 
A£jeioc(riN^o*cci) = — 60 kJmor^ in TSh, compared to 
— 126kJmor^ in TSa, indicating the reduced stabilisation of 
the transition state by the less electronegative halogen. 

The effect of solvation on the barrier is remarkably small: 
TSa is only 9 kJmor^ lower than TSa^j^. The vacuum transition 
state is slightly later, judging from the shorter N— C distance 
(1.81 vs. 1.85 A); however, there is hardly any difference in the 
degree of activation of the C— F bond (1.39 vs. 1.40 A). This is 
another clear indication that the transition state corresponds 
to the formation of the C— N bond, while the C— X bond, al- 
though weakened, is essentially maintained. The transition 
state can therefore be described as Meisenheimer-like in terms 
of its geometric and electronic structure. 

Although we have not collected any experimental kinetic 
data in this study, we may still use the yields and reaction con- 
ditions as indicators for the required activation energies. Com- 
paring the unsubstituted 23 d (corresponding to the cyclisation 
product of la) with 23b (lb), 23 e (Ig), and 23 f (If; Figures), 
we find that the yields and required conditions agree with the 
trends in the computed free-energy barriers. 

Energy-minimising the S^Ar transition states towards prod- 
ucts, we expected to obtain the Meisenheimer complexes II. 
However, we found that lla-h are not stable minima in MeCN 
solution. Rather, the C— X bond is spontaneously cleaved to 
form the ion pairs III, in which the halide anion is located at 
a distance of approximately 3 A directly "beneath" the nitrogen 
N5 of the planar phenanthridinium cation. We are therefore 
dealing with a concerted, one-step SfjAr reaction, in which the 
formation of the IVleisenheimer a-complex constitutes the rate- 
limiting barrier, while its decomposition is barrier-free. 

Energetically, these reactions are exergonic by 50- 
70 kJmor^ (Table 1). The driving force is mainly enthalpic, due 
to the aromatisation of the B-ring and the strong solvation of 
the anion. For X = CI (lllh), the reaction is even more exergonic, 
despite the weaker solvation of Cr compared to F , because 
of the weaker C— CI bond.™ For all cases in solution, the com- 
plete separation of the ion pair into free ions lll"'"+X" is fur- 
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ther exergonic, which is driven entropically; enthalpically, the 
ion pair is favoured over separated ions (see the Supporting In- 
formation). The relative stability of the phenanthridinium cat- 
ions is governed by substituent effects, which act opposite to 
the situation in electron-rich TS: acceptor substituents destabi- 
lise the cation (lllb, c, d, f), whereas donor substituents stabi- 
lise it (llle). 

Instead of remaining as separated ions, the halide may reat- 
tach to the phenanthridinium to form the neutral 6-halophe- 
nanthridines IV. The thermodynamic viability of this step de- 
pends on the substituents; for X = F, the reaction free energies 
relative to separated ions are between —23 kJmor' (IVf) and 
-Hl2kJmor^ (IVe). On enthalpic grounds, IV is always more 
stable than the ion pair or separated ions (see the Supporting 
Information). The relative stability of the 6-fluorophenanthri- 
dines IV follows the same pattern as in the TS, opposite to the 
substituent effects in the cations. In contrast to the fluoro 
compounds IVa-g, IVh with X = CI is not a stable energy mini- 
mum, but spontaneously dissociates into the ion pair lllh. This 
is in pleasing agreement with experiment, in which the original 
fluoride is exchanged for chloride during the work-up (step iii 
in Scheme 6) and phenanthridinium chlorides are obtained ex- 
clusively. 

The question of whether the Meisenheimer a-complex is 
a stable minimum or a transition state along the reaction coor- 
dinate of the SivjAr reaction, that is, whether the reaction is 
stepwise or concerted, has been addressed in a number of pre- 
vious computational studies (Figure s).!™-^'^! The answer de- 



8* 8" 
Nu, X 



E 




reaction coordinate 

Figure 5. The Meisenheimer complex (IVIC) can be either a transition state 
(solid black line) or an intermediate (dashed grey line) along the S^Ar reac- 
tion coordinate. 



pends on the nature of the nucleophile (neutral/anionic, nucle- 
ophilicity), the leaving group (bond strength, stability of free 
leaving group), the arene core (substitution pattern), and the 
reaction medium (gas phase, solvent polarity). For reactions of 
fluoroarenes (mostly fluorobenzenes) with various nucleo- 
philes, the a-complex was in most cases found to be an inter- 
mediate,'^"""' only two studies reported it to be a transition 
state: in the reaction of p£jro-N02QH4F with NH3 or NHjMe™ 
and in the reaction of QH5F with Me2NSiMe3 or Me2PSiMe3.'^'" 
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Both cases are special in that the departing fluoride can bind 
to the nucleophile (hydrogen bonding in the former, formation 
of a fluorosilane in the latter) and is therefore greatly stabi- 
lised, despite both reactions being in vacuum. Two recent 
studies have highlighted that the potential-energy surface in 
the vicinity of the Meisenheimer complex can be very flat, so 
that even small changes in the computational method can de- 
termine its nature. For instance, in the reaction of pentafluoro- 
pyridine with NH3, the Meisenheimer complex is only prevent- 
ed from decomposing spontaneously by a vanishingly low bar- 
rier (0.1 kJmor') at the B3LYP/6-31 -FG(d,p)/PCM(water) 
level,'^" but the barrier increases to a significant 19kJmor^ 
when the M06-2X functional is used. For the substitution of 
a phenylamidate by an amine in polarisable continuum MeOH, 
the existence of a stable Meisenheimer intermediate was simi- 
larly found to depend on the choice of exchange-correlation 
functional.'"' 

Together with the present results, these observations point 
to the key factor that determines the nature of the Meisen- 
heimer complex in S^Ar reactions: it is the balance between 
the bond strength of the leaving group X and the stabilisation 
of free X". For X = F in particular, the strong aryl— F bond, 
which in the Meisenheimer complex is already close to 
a weaker C(sp^)— F bond, must be compensated for by a stabili- 
sation of the incipient F" that acts early on along the reaction 
coordinate. Unless stabilisation is provided as soon as the C— F 
bond begins to break and significant negative charge to build 
up on the fluoride, the Meisenheimer complex will become 
a minimum, with a barrier to decomposition. 

In general, solvation is the single most important factor sta- 
bilising the departing (anionic) leaving group. Accordingly, in 
the absence of solvent, we find that the Meisenheimer com- 
plex, lla„3„ is stable (Table 1), as separating charges is highly 
disfavoured in vacuum, which agrees with previous stud- 
[50,52] an explicit representation of the solvent com- 

bined with extensive configurational sampling (e.g., a Monte 
Carlo QM/MM approach'"') may be required to model reliably 
the reaction in polar-protic solvents, we believe that a much 
simpler polarisable continuum model is adequate for dipolar- 
aprotic solvents, like MeCN. However, it is important that the 
model accurately reproduces the dominating solvation of the 
free anion. We have therefore taken great care to calibrate our 
solvation model to the best available experimental solvation 
data for F" and Cr. Moreover, it is crucial that structures are 
fully optimised in solution as the potential-energy surfaces 
differ qualitatively between vacuum and solution. Simply cor- 
recting the energies of vacuum structures for solvation effects 
will necessarily miss the possibility of spontaneous decomposi- 
tion of the o-complex. 

The second requirement to model the reaction reliably is an 
adequate description of the electronic structure. Crucially, the 
localised negative charge of the free anion must be described 
sufficiently well otherwise its stability will be artificially under- 
estimated. This is not possible without a reasonably large basis 
set that includes diffuse functions. We initially ran exploratory 
calculations with the def2-SVP basis set, which predicted 
stable Meisenheimer intermediates for all cases with X = F; it 
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was only for X = CI that we obtained the ion pair (see the Sup- 
porting Information). The def2-TZVP+ basis set, which includes 
diffuse functions on all atoms, provided a qualitatively different 
picture in which the o-complexes are not stable. Again, struc- 
tures need to be optimised at the higher level; single-point 
corrections will fail to capture the effect. Where both basis sets 
yield qualitatively the same structure (e.g., for the transition 
states TS), energies differ insignificantly (<5 kJmor^). 



Conclusion 

In summary, we present a versatile, efficient and convergent 
route to 5,6-disubstituted phenanthridiniums using three easily 
accessible components: arylborons, orf/io-iodoaryl ketones and 
primary amines. The key step in the synthesis is the novel mi- 
crowave-assisted intramolecular displacement of an aryl halide 
by an acyclic imine. We demonstrate through DFT calculations 
that the reaction proceeds by an SfjAr rather than an electrocy- 
clic mechanism, and that it is concerted and does not involve 
a stable Meisenheimer complex. Of significant importance to 
the computational work is the proper modelling of the solvat- 
ed free anion. The concerted mechanism for the S^Ar that 
comprises our key step is very unusual: the vast majority of ex- 
amples of this type of reaction appear to involve Meisenheimer 
complexes as stable intermediates. The use of our synthetic 
method provides access to a wide range of structural ana- 
logues and should enable the development of phenanthridini- 
um probes to respond to redox, DNA intercalation and 
enzyme reactivity independently. 



Experimental Section 

General procedure for imine formation-cyclisation using 
conversion of l<etone 21 j into 23 j as an example 

A solution of titanium tetrachloride in dry toluene (1 m, 2.40 mL, 
2.40 mmol, 1.49equiv) was added over 5 min to a stirred solution 
of benzophenone 21 j (520 mg, 1.61 mmol, I.OOequiv) and dry 
hexylamine (1.50 mL, 11.4 mmol, 7.05 equiv) in dry toluene (5.0 mL) 
at O ' C. The reaction was allowed to warm to RT and stirring was 
continued for 20 h. The mixture was poured into HjO, then filtered 
through Celite eluting with DCM. HCI,3qj (1 m) and more DCM were 
added to the filtrate, the mixture was shaken and the layers were 
separated. The aqueous layer was re-extracted (DCMx2). The com- 
bined organics were washed with 1 m HCI(aq,) then NaHC03(aq) and 
dried (MgSOJ then filtered and the solvent was removed under re- 
duced pressure. From the crude yield of 631 mg of brown solid 
a portion (100 mg, 0.25 mmol, 1.00 equiv) was transferred into a mi- 
crowave tube (10 mL) containing dry THF (5.0 mL). The tube was 
filled with argon and sealed, and then heated in a microwave to 
100°C for 30 min. It was then cooled and transferred to a round- 
bottomed flask in dry CHCI3. Then the solvent was removed under 
reduced pressure. The residue was dissolved in dry EtjO and then 
precipitated with 2 m ethereal HCI (1.00 mL, 2.00 mmol, 8.13 equiv). 
The solvent was removed under reduced pressure and then the 
solid triturated with pet. ether and dried under reduced pressure 
to give 4-aza-5-(hex-1'-yl)-6-phenyl-8-nitrophenanthridinium chlo- 
ride 23 j as a white amorphous solid (106 mg, 98%). 
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Variations to reaction times, solvent and temperature are shown in 
Figure 3. The characterisation data and procedures for all com- 
pounds are provided in the Supporting Information. Assignment of 
the NMR spectra of phenanthridiniums 23-25 was achieved 
with the assistance of COSY, HiVlQC and NOESY and agree well 
with those described by Luedtke et al.'^' 

Computational methods 

All calculations were done with the Gaussian 09 program.'"' We 
chose the iV106-2X'^'" exchange-correlation functional for its good 
performance in organic thermochemistry and reaction barriers and 
its ability to describe accurately dispersive interactions.'^" Produc- 
tion calculations used the def2-TZVP-|- basis set, which we derived 
from def2-TZVP'™' by adding one diffuse function per valence an- 
gular momentum. Gibbs energies were calculated using the stan- 
dard rigid rotor/harmonic oscillator approximation for 7=383 K, 
P=320 kPa. The SMD solvation model was used as implemented 
in Gaussian, which combines the lEF-PCM polarisable continuum 
model for electrostatic solvation with the SIVID non-electrostatic 
terms. We specified non-default values for the following solvation 
parameters: dielectric constant of MeCN, £^(383 K) = 22.5; R^,^{^) = 
1.63 A, /?5oi„(CI) = 2.48 A. Structures were fully optimised in solvent. 
Minima and transition states were verified through the correct 
number of imaginary frequencies. The IRC was followed for ten 
steps to either side of transition states, followed by optimisation to 
the adjacent minimum. NBO analyses were done using the 
NBO 6.0 program.""'' Additional details, in particular on the calibra- 
tion of the solvation model, can be found in the Supporting Infor- 
mation. 
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